The objective of this study is to develop a low-cost manufacturing process for recycling and circulating wasted glasses into a high added value product. Waste glass was used to synthesize Mg 2 Si and MgO by reaction with magnesium, and Mg 2 Si/MgO/Mg composites with high properties were produced. In the first stage of the study, the occurrence of solid-state synthesis between magnesium and wastes glasses was confirmed. The effect of repeated plastic working (RPW) on the refinement of grains and the composites was investigated. It was demonstrated that Mg 2 Si/MgO/Mg composites with excellent mechanical properties could be fabricated by RPW and hot extrusion using a mixture of magnesium powder and wasted glasses.
Introduction
Recently, environmental problems have been addressed as inevitable and serious problems. In order to introduce reproduction technology, it should be capable of solving problems related not only to technological development but also to economy. Further, the following market mechanism should be developed: ''Recycled materials produced from scrap should possess high added value. They should be in demand and easy to recycle.'' This technology should also be suitable for environmental load reduction.
Therefore, the objective of this study is to develop a recycling process that can meet these demands. The recycling trend is investigated for the construction of an economic resource circulation society with particular focus on waste glass.
In this study, the basic method involves the production of Mg composites with Mg 2 Si/MgO dispersoids, which exhibit excellent mechanical properties, [1] [2] [3] via solid-state synthesis [4] [5] [6] [7] [8] between powders of a Mg alloy and SiO 2 , which has been studied thus far.
Waste glass is applied to alternative materials of conventional SiO 2 , and a method for producing Mg composites from scrap is established. Further, the microstructure, hardness, and strength of the obtained composites are determined.
Experimental Procedures
Two types of waste glasses and Mg/Mg alloy powders were used. The chemical compositions of the former are shown in Table 1 . The mean particle sizes of the two types of waste glass were 23.1 mm (bottle) and 16.9 mm (TFT), respectively. In addition, industrial grade Mg powder (purity: 99.9%, mean particle size: 112.0 mm) and AZ31 powder (nominal composition: Mg-3Al-1Zn/mass%, mean particle size: 89 mm) were prepared as the initial materials. In the first stage, Mg and Mg alloy powders were mixed with the two types of wasted glasses at various compositions and consolidated into green compacts by two methods-cold compaction and repeated plastic working (RPW). The green compacts were formed by conventional pressing under the application of a load of 620 MPa for 5 s. The RPW method is schematically illustrated in Fig. 1 . The powder mixtures were filled into a die and pressed by upper and lower punches with the application of Ar gas shielding. In this RPW process, compaction was performed twice and extrusion was performed once in 1 cycle; further, the input powders were homogeneously mixed and strongly fractured by the two punches after a few cycles. The structures of the compacts were examined by differential thermal analysis (DTA) at a heating rate of 0.167 K/s and X-ray diffraction (XRD) with CuK 1 ( ¼ 0:15405 nm) radiation operated at 40 kV, 200 mA in order to determine the occurrence of solid-state synthesis.
In the second stage, the green compacts were preheated to synthesize Mg 2 Si/MgO at a temperature determined according to the results of the DTA. After preheating, they were immediately hot extruded under 880 MPa. The machine temperature was fixed at 300 C and dies for extrusion were heated at 400 C, as both temperatures were set lower than pre-heating temperature in order to avoid grain growth due to heat during hot extrusion process. The Vickers hardness of the wrought alloys was measured under a load of 100 g for 5 s, and the mean value was calculated from 50 points. In order to observe the microstructures of the extruded composites, the cut surface of the specimen was polished up to #4000 by employing the standard technique of mechanical wet grinding with silicon carbide paper, followed by polishing with diamond paste up to 1 mm. The microstructures of the Mg 2 Si/MgO/Mg composites were observed using an optical microscope. Further, tensile tests were performed at room temperature. Specimens with a diameter and gauge length of 3 and 10 mm, respectively, were machined from the extruded composites. After the tensile tests, the ultimate tensile strength (UTS), yield stress (YS), and elongation were measured.
Results and Discussion
3.1 Solid-state synthesis between magnesium and wasted glasses Before investigating the reaction between magnesium and waste glass, it should be confirmed whether the glass state changes during solid-state synthesis. The waste glass samples used in this study were entirely composed of amorphous phases. In order to confirm their crystalline behavior, each type of glass was heat treated at various temperatures for 10 min and analyzed by XRD; the results are shown in Fig. 2 .
Broad curves were obtained up to 850 C and 700 C for TFT glass and bottle glass, respectively. Above these temperatures, SiO 2 peaks appeared, which indicated the beginning of crystallization, and increased with an increase in the temperature. Due to the high temperature that functioned as a driving force, semi-stable amorphous phases were modified into stable crystalline phases. Simultaneously, during heat treatment, thermal expansion occurred in bottle glass and not in TFT glass. The reason for this expansion was that the existence of B 2 O 2 , which was present in TFT glass, caused a reduction in the thermal expansion coefficient of the sample. Since this study is based on solid-state synthesis at a low temperature, below 550 C, and the temperature of heating is restricted, the occurrence of crystallization and thermal expansion is possibly avoided.
The occurrence of solid-state synthesis between Mg and waste glass, which forms the core of the technique employed in this study, was confirmed. DTA curves of cold-pressed powder mixtures (Mg-20 mass%glass) were measured. As shown in Fig. 3 , remarkable exothermic peaks were observed in both samples around 600 C. Since this exothermic reaction is considered to occur due to the solid-state synthesis of Mg 2 Si and MgO, these samples were heated at 600 C and analyzed by XRD. As shown in Fig. 4 , Mg 2 Si and MgO peaks were observed, while the SiO 2 peak did not appear. It can be concluded that Mg 2 Si and MgO can be produced by solid-state synthesis using a mixture of magnesium and glass. .2 Grain refinement by RPW and its effect on solidstate synthesis In order to study the effect of the RPW process on structure refinement, RPW with different cycles and cold pressing of the powder mixture of magnesium and waste glass were performed. After consolidation via cold pressing and RPW, the compacts were analyzed by XRD.
Since SiO 2 peaks were not observed due to the amorphous structure, Mg peaks were used to investigate the refinement tendency. Figure 5 shows the XRD pattern of Mg-4 mass%TFT glass obtained after RPW for 100 cycles in the 2 ¼ 20 {80 angle range. In this pattern, remarkable Mg peaks are observed at (A) 32 , (B) 34 , and (C) 36.5 . The grain sizes of the samples at these angles were calculated after different RPW cycles according to the following Scherrer equation:
where t is the particle size, is the X-ray wavelength, B is the width of the diffraction line at the half maximum, B is the Bragg angle, and K is a constant determined by the crystal shape; its value usually varies between 0.85 and 1.0. Figure 6 shows a comparison among the calculated Mg grain sizes at each peak. As shown in the figure, the grain size decreases with an increase in the number of RPW cycles. This confirms the effect of RPW on structure refinement.
Further, the effect of structural refinement on the temperature of solid-state synthesis was investigated. Figure 7 shows the DTA results of the Mg-4 mass%TFT glass compacts obtained after RPW and cold pressing. Exothermic reactions were observed in each sample in the range of 450-600 C. Since these reactions occurred due to the synthesis of Mg 2 Si/MgO, each sample was heated at the temperature corresponding to the a) beginning (Ts), b) maximum peak (Tp), and c) end (Te) of the exothermic reaction. The samples were analyzed by XRD, and the results were compared with the XRD result of the same composite that was not heated. Figure 8 shows the XRD patterns of Mg-4 mass%bottle and 
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Mg-4 mass%TFT glass obtained after 200 RPW cycles around the angle of appearance of the Mg 2 Si peak (40.119 ) and the MgO peak (42.914 ). At both angles, the synthesis was accelerated with an increase in the temperature, while peaks were not detected for the sample that was not heated. This suggests that the exothermic reaction observed in Fig. 7 occurred due to the solid-state synthesis of Mg 2 Si and MgO. This temperature can be considered as the preheating temperature for hot extrusion. In addition, the starting temperature of the exothermic reaction (Ts) decreased with an increase in the number of RPW cycles. This result is attributed to two reasons: i) the total surface area of the SiO 2 particles increased with a decrease in the particle size due to strong shear strain produced by RPW and ii) the oxide films of Mg particles were broken during RPW, and the activated surfaces of the Mg particles were exposed. Therefore, the reaction between Mg and SiO 2 proceeded easily with an increase in the number of RPW cycles.
The results of this section confirmed the occurrence of solid-state synthesis between Mg and waste glass and the effect of structural refinement by RPW on the decrease in the starting temperature of the exothermic reaction due to solidstate synthesis. 2 Si/MgO/Mg composites Mg 2 Si/MgO/Mg composites were formed via RPW and hot extrusion. Powder mixtures of AZ31 and waste glass were used and measured as AZ31-2 and 4 mass%glass, respectively. Each powder mixture was consolidated by cold pressing (N ¼ 1) and RPW ðN ¼ 100; 200Þ, preheated at a temperature of Ts of each sample, determined by the result of the DTA, and hot extruded. After hot working, the microstructure of each composite was observed. The microstructures of AZ31-4 mass%bottle glass for 1 and 200 RPW cycles are shown in Fig. 9 . The low-magnification photo reveals that the additive particles were dispersed into the Mg matrix and they flowed along the direction of extrusion. Furthermore, coarse particles remained in the composites obtained after 1 RPW cycle, and the synthesis of Mg 2 Si/MgO began from the boundary between the matrix and the additive. However, the synthesis did not proceed to the center of the additive particle; in this case, it is considered that a major part of the particle is still composed of glass. On the other hand, after 200 RPW cycles, the coarse particle disappeared and the 39 °40 °41 °42 °43 °44 °3
Formation of hot-extruded Mg
Intensity (a.u.)
Intensity (a.u.) Figure 10 shows the microstructures of the same composites shown in Fig. 9 after chemical etching. A comparison clarifies that not only the additive particle size but also the Mg matrix grain size decreased with an increase in the number of RPW cycles. In other words, it is possible to control the fine microstructure of hot extruded materials by changing RPW conditions. This is because refinement due to recrystallization occurs during hot extrusion. Since recrystallization is driven by internal stress, the refinement effect strongly depends on the RPW cycles. Therefore, it is inferred that Mg 2 Si/MgO/Mg composites with an ultrafine structure can be formed via RPW and hot extrusion. The mechanical properties of the extruded materials were also examined. Figure 11 shows the maximum, minimum, and mean values of the Vickers hardness of AZ31-2,4 mass%bottle glass. In both composites, the hardness increased with the number of RPW cycles. This occurred due to various reasons such as work hardening during RPW, refinement of Mg grains, and dispersion of hard additives. This tendency is explained with the help of the Hall-Petch relationship.
Further, tensile tests were performed at room temperature. The UTS, YS and elongation of AZ31-4 mass%bottle glass were measured and compared with those of the composites produced by using conventional SiO 2 with the same composition in 1 RPW cycle; the result is shown in Fig. 12 . The UTS and YS of the AZ31-4 mass%bottle composite increased and its elongation decreased with an increase in the number of RPW cycles. The Hall-Petch relationship describes this phenomenon as the strong dependence of strength on the grain size. This result was in agreement with that of the microstructure, as shown in Figs. 9 and 10. On the other hand, the strength of the AZ31-4 mass%glass composite was almost 10 MPa lower and its elongation was 4% higher than those of the composite produced using conventional SiO 2 . It is considered that since solid-state synthesis was incomplete and unreacted glass partly remained, the properties of the AZ31 matrix characterized those of the composite.
Based on the results of the present study, it is concluded that Mg 2 Si/MgO/Mg composites were formed using a powder mixture of AZ31 and waste glass, and their properties were almost identical to those of the composite produced by using conventional SiO 2 .
Conclusion
In this study, Mg 2 Si/MgO/Mg composites were produced by using waste glass as the initial material via repeated plastic working (RPW) and hot extrusion; the obtained composites were then examined. Based on the results, the following conclusions were drawn.
(1) Mg and waste glass composite billets with a fine structure were produced via RPW. The starting temper- structure were produced from the billets after preheating at a low temperature. The properties of the composites were almost identical to those of Mg composites produced by using conventional SiO 2 particles. This is due to the effects of refinement and dispersion produced by the combination of hot extrusion and RPW.
